[1] Knowledge of sea level extremes is important for coastal planning purposes. Temporal changes in the extremes may indicate changes in the forcing parameters, most probably the storm surges. Sea level extremes and their spatial and temporal variability in southern Europe are explored on the basis of 73 tide gauge records from 1940. This study uses all data available to infer risks at the coast caused by extreme sea levels. Extreme values of 250 cm are observed at the Atlantic coasts with smaller values in the Mediterranean where, with the exception of the Strait of Gibraltar and the Adriatic Sea, the extreme values are less than 60 cm. At the Adriatic Sea values of up to 200 cm are found. When the tidal contribution is removed the differences between the various areas reduce. The spatial distribution of the extremes of the tidal residuals is well represented by the hindcast of a two-dimensional hydrodynamic model forced by the atmospheric pressure and the wind, although the model underestimates the extremes. Higher return levels (200-300 cm for the 50-year return level) are observed in the Atlantic stations due to the larger tides. In the Mediterranean, higher values are found in the northern Adriatic (between 150 and 200 cm) while in the rest of the domain they vary between 20 and 60 cm. The nonlinear interaction between tides and surges is negligible in the Mediterranean, thus the joint tides-surges distribution can be applied. The interannual and decadal variability in time of extremes is caused by mean sea level changes.
Introduction
[2] Sea level changes pose particular risks to the coastal zone. Mean sea level changes can slowly change the morphological features, contaminate undergroundwater with salt intrusion and make coastal areas uninhabitable or unsuitable for cultivation. Extreme high waters also have a potentially hazardous impact on coastal regions with immediate effects causing floods, property damage and, in some cases loss of life. The risks involved are not independent in the sense that higher mean sea levels would imply higher extremes.
[3] Under climate change scenarios sea level rise is expected in many parts of the world. In addition, changes in storminess although still uncertain [Trenberth et al., 2007] could lead to additional, to the mean sea level increase, changes in the extremes [Gaertner et al., 2007; Lionello et al., 2007] . Permanent shifts to meteorological patterns are likely to cause local changes in the distribution of extremes even if storminess may not change globally.
[4] Sea level extremes are caused by various forcing factors or their combination. Tsunamis are among the most catastrophic events. In this work we will ignore tsunamis and we will concern ourselves with sea level extremes caused mainly by the combination of tides with storm surges due to the action of atmospheric pressure and wind. The most hazardous events are those happening when an extreme surge coincides with a spring tide. In estuaries the river water levels follow intense rainfalls can also be important thus making the assessment of the risks more difficult. In this study we will not take into account the contribution of river outflows.
[5] Tides are deterministic oscillations which can be computed for each location by various methods, the easiest being a harmonic analysis. Numerical modeling of storm surges has been widely used to reproduce the effects of wind and atmospheric pressure on sea level. Their accuracy is highly dependent on the quality of the atmospheric forcing and the bathymetry used. Some numerical models are in operational status and their output provides a powerful tool in the study of sea level extremes.
[6] The coasts of southern Europe consist of two distinctly different tidal regimes. The Atlantic coasts have tidal elevations reaching up to 2 m during spring tides while the Mediterranean Sea tides are an order of magnitude smaller in most areas with the important exceptions of the Adriatic Sea and the Gulf of Gabes [Tsimplis et al., 1995] . Thus, in most of the Mediterranean basin sea level extremes are mainly caused by storm surges rather than by the combination of tides and surges.
[7] The published analyses of extremes in the Mediterranean Sea are neither extensive nor complete. Ullmann and Moron [2008] have examined the relationship between the observed sea surges and the weather regimes in the Gulf of Lions (NW Mediterranean). In the Aegean and Ionian Seas, Tsimplis and Blackman [1997] analyzed the available tide gauge data and estimated return periods of extreme sea levels over a period of 8 years. The northern Adriatic is the area where extremes are most studied because of the presence of several historic cities, the prominent of which is Venice [Raicich, 2003; Vilibic et al., 2004] . The meteorological origin of such events has been documented as high-frequency atmospheric pressure disturbances traveling over the Adriatic Sea [Vilibic, 2005] .
[8] Changes in the extremes are even less researched than the mapping of extremes. For the Mediterranean, Raicich [2003] showed a reduction in the strong positive and negative surges at Trieste over the period [see also Trigo and Davies, 2002] . By contrast, in Venice, Pirazzoli and Tomasin [2002] and Lionello [2005] have found that the frequency and intensity of floods had increased in the recent past.
[9] This work serves three purposes. The first purpose is to provide the spatial distribution of sea level extremes in the southern European region. This has been achieved by mapping the observed extremes and the return levels at several coastal sites in southern Europe. Second, the role of wind and atmospheric pressure in causing the extremes is investigated by comparing the extremes in the tidal residuals with the sea level extremes determined from the output of a twodimensional (2-D) barotropic model forced by wind and atmospheric pressure. Confirming the extent to which surge models are able to reproduce the extremes in the regions is crucial for establishing the possibility of estimating future extremes on the basis of the atmospheric fields from climate models coupled with 2-D surge models. The third purpose of this paper is to examine whether there have been changes in the extremes over the period of observations in the area and whether these changes are in excess of mean sea level changes. Changes in excess of mean sea level change would indicate a change in the storminess in the region. This third objective is achieved on the basis of the longer records available. To our knowledge there is no other study which has addressed any of these three questions for the whole of the region as comprehensively as this study does.
[10] The next section describes the data and the methodology followed. Section 3 describes the return levels over the whole domain. Section 4, discusses the variability in time of the extremes. Finally in section 5 we discuss our results and conclude with the main findings.
Data and Methodology

Sea Level Observations
[11] Hourly values from seventy three records covering the Mediterranean Sea and the Atlantic Iberian coasts have been used in the analysis (Figure 1 and Table 1 ). The time series have been made available through ESEAS website (http:// www.eseas.org) and the Web sites of various national services.
[12] The records span different time periods (Figure 2 ), from few months to 68 years, and were found to be of varying quality. As part of the quality control each time series has been visually checked month by month, searching for datum shifts, outliers and time drifts. This was done in the original records and the tidal residuals because time drifts can significantly affect the results.
[13] Whenever a record was found to contain datum shifts the time series were split into shorter periods, each of them with consistent mean sea level values. This was the case for 13 stations. These records were not suitable for the determination of temporal changes in the extremes and were not used in the comparison between mean sea level changes and changes in the extremes. Wild point editing was also undertaken. This was done by removing only wild points in isolation, i.e., reflected in one hourly value alone.
[14] The tides were estimated and removed from the records on a yearly basis. Tidal constituents with a signalto-noise ratio equal or larger than three have been fitted to the time series by harmonic analysis using the standard program t-tide [Pawlowicz et al., 2002] . The tidal record, built as the addition of the significant tidal components, has been used as a tool to identify temporal drifts in the original sea level observations. The tidal residual time series were produced by subtraction of the tidal signal from the observed time series. Where time shifts were identified the observed time series were retained for the analysis but the segments where the time shifts were noted were rejected from the analysis of the tidal residuals.
[15] The analysis was based on years starting on 1 September until 31 August. This way the winters, when most of the storm surges causing the extremes are expected, are not split into subsequent years.
[16] The quality checked records of observations and tidal residuals (observations minus the tidal predictions) are used to extract the 10 largest events per year, with respect to the mean annual sea level. To ensure that the extreme values are independent only events separated by at least 72 hours, the mean duration of storms in the region, were selected. Extremes sea level are in general generated by the combination of storm surges and tides. It is possible that in particular years only small storm surges occur or that data gaps in a time series may occur during extreme surges.
[17] Studying the distribution of extremes in tidal residuals as well as observed values avoids to a large extent the first problem. However, in addition to studying the N extremes as derived per year (for M years) we also studied the distribution of the sea level extremes by fitting an extreme distribution in the largest (N Â M) values of each time series irrespective of how many of them occurred in a particular year. With the number of five events we selected there is no difference in the results. Thus we only report the results of one method. There is, of course, no real remedy for missing extreme values and the omission of the largest of them are known to affect significantly the extreme distribution at a location.
Modeled Sea Level Data
[18] The meteorological contribution to sea level has been quantified using the output of a barotropic oceanographic model. In the framework of the HIPOCAS (Hindcast of Dynamic Processes of the Ocean and Coastal Areas of Europe) project, atmospheric pressure and wind fields were produced by a dynamical downscaling of the reanalysis of NCEP/NCAR for the period 1958 -2001 [García-Sotillo et al., 2005 . These fields were used to force a barotropic version of the HAMSOM (Hamburg Shelf Circulation Model) model covering the Mediterranean Sea and the eastern Atlantic coast including the Atlantic coasts of the Iberian Peninsula, with a spatial resolution of 1/4°Â 1/6°. The output was thus a consistent data set of 44 years of sea level hourly data [Ratsimandresy et al., 2008] .
[19] For each tide gauge station, data from the closest point of the hindcast grid has been subtracted from the observations for the period covered by the model data . The usefulness of this data set in reproducing the meteorologically induced mean sea level has been proved in previous works [Marcos et al., 2005; Tsimplis et al., 2005b; Gomis et al., 2008; Marcos and Tsimplis, 2007; Pascual et al., 2008] . Hindcast data and sea level observations at coastal sites are highly correlated at hourly values [Marcos et al., 2005; Pascual et al., 2008] .
[20] The success of the model to reproduce mean sea level changes cannot be considered as extending to the estimation of extremes. It is known that models underestimate the extreme values. Moreover, models in general have difficulty in reproducing sea level in the Adriatic probably due to the action of local winds not included in the meteorological forcing which is usually derived by larger-scale reanalysis products [Wakelin et al., 1999] .
[21] However, in spite of these deficiencies we include the model output in the analysis for two reasons. First, because Tsimplis and Blackman [1997] have suggested that for the Aegean Sea the sea level extremes can be explained by the small tidal signal with the addition of the wind and atmospheric pressure. They used an inverse barometer approximation and a simplified estimate of the wind effects based on the width of the continental shelf. They found for the Aegean Sea very good correspondence between the observed sea level extremes and the extremes in the wind and pressure term effects. Here we significantly improve by using the 2-D model. If the assumption of Tsimplis and Blackman [1997] is correct not only for the Aegean Sea but is generalized over the Mediterranean Sea then the assessment of future risks can be done by using 2-D models forced with future scenarios and some appropriate scaling to account for the mismatch between observed and modeled sea level extremes. The second reason for including the model data in the analysis is because the extent of underestimation, its spatial pattern and how it reflects to the return periods estimated is in itself of practical interest.
[22] The tidal model of Tsimplis et al. [1995] has been used for the production of joint probability estimates. The tidal model has 1/12°Â 1/12°resolution and covers the entire Mediterranean basin. The largest tidal constituents (M 2 , K 1 , O 1 , S 2 ) have been used to construct tidal records for the same period covered by the hindcast data (1958 -2001) .
Methodology
[23] The estimation of extremes can be made by various methods. To assess return periods associated to positive Table 2 . extremes a general way is to model the tail of the upper part of the distribution, on the basis of the known function, to estimate the probability of the occurrence of such value [Tawn, 1988 [Tawn, , 1992 . In this study we use the Generalized Pareto Distribution (GPD) for the estimation of return periods. Fifty year return values will be quoted in the text.
[24] In order to assess the existence of trends in the extreme values we estimate annual percentiles.
[25] Both methods have been used extensively. Tsimplis and Blackman [1997] used the r-largest values per year recorded by tide gauges in the eastern Mediterranean to fit the known GEV (Generalized Extreme Value) Distribution. Lionello et al. [2003] have used GEV for climate studies in the Adriatic. Lowe and Gregory [2005] applied the same methodology to coastal sea level values obtained by a hindcast model forced by the output of a regional climate model to estimate the effect of climate change on surges. Bernier et al. [2007] used only one extreme per year to estimate return levels from sea level hindcast data in the NW Atlantic. Méndez et al. [2006] applied an extension of the GPD method allowing for temporal variability of the distribution to fit the wave height as provided by a buoy. On the other hand, other studies have used the percentiles methodology to search for changes in the extreme events [see, e.g., Blackman, 2002, 2004; Woodworth et al., 2007] .
Generalized Pareto Distribution
[26] One of the methods commonly used to estimate extreme occurrences and probabilities consists in modeling the excesses over a high threshold by a GPD, whose cumulative distribution function is defined as [Pickands, 1975] :
Where y is the time series of excesses y = x-U, with U being the threshold and y 1 ,. . .,y N being independent identically distributed (iid) observations, s is the scale parameter (s > 0) and x is the shape parameter (x being a real number). The scale and shape parameters are estimated by maximum likelihood. When the shape parameter x is negative the distribution is known as a Weibull distribution. Otherwise it is a Frechet distribution when x > 0 and a Gumbel distribution if x = 0. If this parameter is positive the distribution is not bound and therefore any value over the chosen threshold is possible. Thus, only those distributions with zero or negative shape parameters are allowed.
[27] The return period is an estimate of the average time between exceedances of a given threshold. The N-year return level (RL) for a process fitting a GPD is defined as:
The number of extreme events to be fitted by the GPD has to be small to ensure that each event is a real extreme but large enough to be able to fit the distribution within reasonable accuracy. Tsimplis and Blackman [1997] fitted a Generalized Extreme Distribution to the r-largest values of tide gauge stations in the Aegean and Ionian Seas. They showed that choosing r between 5 and 10 extremes per year led to consistent return levels. The 50-year return levels computed with 5 and 10 extremes per year of the observed sea levels have maximum differences of 4 cm. Thus, we have chosen five extremes per year for the computations presented in this work.
Tide-Surge Joint Distribution
[28] Extreme sea levels are caused by the combination of storm surges and tidal elevations. An alternative way of describing sea level extremes is by the joint probability method (JPM) which combines the tidal and surge distributions [Pugh, 1987] . According to the JPM the probability of an observed sea level is expressed as the convolution of the two probability density functions (pdf):
where P T and P S are the probability density functions of tides and surges respectively. This method assumes that both processes are independent, that is, that the occurrence of storm surges is independent of tidal elevations. We consider that this method is applicable in the Mediterranean Sea because of the small tidal signal in most parts of it.
[29] In order to compute the tidal distribution the hourly tidal prediction time series, estimated with the significant constituents obtained by a harmonic analysis, is built. The pdf is the normalized histogram of sea surface heights computed with the predicted time series.
[30] The surge distribution is obtained using the tidal residuals of the time series, that is, the observations minus the predicted tides. As explained in section 3.1, extreme sea levels corresponding to independent events are selected yearly. The surge distribution is fitted to a GPD distribution and the scale and shape parameters are used to compute the pdf:
Finally the joint probability is used to estimate return levels.
Percentiles
[31] This method is non parametric and only involves ranking the observations and looking at the value that correspond to a particular percentile. The median corresponds to the 50th percentile. The case may be, for particular years, that the biggest values do not correspond to extremes. This is arguably more of a problem with the GDP than for the percentiles method which are not used for return estimates but only diagnostically for the existence of trends.
[32] Observed, tidal residuals and meteorologically corrected (tidal residuals minus the atmospheric component provided by the hindcast data) sea level time series are analyzed by fitting a GPD to the excesses over thresholds. In order to clarify the terminology of the different times series used in this work hereinafter extreme total sea level will correspond to extremes of observations, extreme tidal residuals to extremes of observations minus the tidal components and extreme hindcast or meteorologically corrected extremes to extremes of hindcast data. The fitted parameters of the distribution are listed in Table S1 in the supplementary material.
1 The 50-year return levels are presented.
[33] At each tide gauge record the GPD has been fitted for the five largest values per year and the return levels have been computed for the observations, observations with mean sea level for each year removed and tidal residuals. For those records with datum shifts, annual mean sea level could not be computed. Thus these stations do not appear in Figure 3 . We have calculated the percentiles on the basis of the available measurements ignoring the gaps in the time series. These can be important in the estimation of percentiles either because an extreme is missed or because they occur in a particular season during which the sea level is high or low, thus affecting the estimation of the upper percentiles.
Spatial Distribution of Sea Level Extremes
Maximum Observed Values
[34] The maximum sea level within each observed record is shown in Figure 3a and listed in Table 1 is not included in the Venice sea level record used here which starts in 1983, although it is confirmed that a large flood took place on that date [Raicich, 2003] . Thus the largest observed value for Venice is 136 cm. In spite of the fact that the extremes are estimated from records spanning different periods of time there is regional coherence in the maximum values. The spatial distribution of the extremes corresponds to that of the tidal signal.
[35] The importance of the tidal signal is demonstrated in Figure 3b and Table 1 [De Zolt et al., 2006] , which coincided with a low tide of about À30 cm and thus is not shown as on of the largest extremes in the observations but only in the tidal residuals. The extremes in the tidal residuals are mainly caused by the action of storm surges, the nonlinear interaction between surges and tides, where this exists, as well as the steric contribution in the form of the seasonal cycle which we have not removed and which is known to be variable in time [Marcos and Tsimplis, 2007] . The same event in 1966 does not appear in the Venice record available because it is too short. However, Canestrelli et al. [2001] report that it reached about 170 cm above mean sea level. If this event is considered then the 50-year return level of the tidal residuals in Venice becomes 144 cm instead of 111 cm. This demonstrates the importance of completeness of the sea level records since any large missed event can significantly impact the return level estimations. However, this also demonstrates the limitation of the statistical methods: if a large value occurs after an extreme value distribution has occurred the whole distribution needs to be recalculated.
[36] Large surges in the northern Adriatic are forced by two different wind regimes, dominant in winter time, the sirocco and the bora [Orlić et al., 1994] . The sirocco blows from the southeast along the longitudinal axis of the Adriatic Sea piling up water at the northern coasts and causing flooding events. The bora blows from the northeast, thus generally causing negative surges on the eastern coasts of the Adriatic [Raicich, 2003] . However, the bora may also cause flooding in the northern Adriatic, especially in the Lagoon of Venice [Pirazzoli and Tomasin, 1999] . Vilibic [2000] has shown that surges induce seiche oscillations within the Adriatic Sea which can last longer than the forcing mechanism. As a result in situations during which such oscillations have been forced and the wind changes from bora to sirocco the risk of flooding is much higher.
[37] In order to quantify the contribution of atmospheric forcing to the extremes we compare the values above with those estimated from the 2-D model. This is done in Table 1 and the spatial distribution of hindcast maximum values is shown in Figure 3d . Note that only periods corresponding to observations were used for this plot in order to avoid extremes missed in the observations being included in the model data. The hindcast extremes in the north Iberian coasts are between 42 and 56 cm. Further south in the Atlantic, in the western Mediterranean, the Aegean Sea, the eastern Mediterranean and the Ionian Sea the model extremes are between 29 and 45 cm. Only in the north Adriatic much higher values of around 150 cm are found. As can be seen in Table 1 the extremes in the tidal residual and those from the hindcast model are in general within ± 5 cm for most of the Mediterranean stations. However, in the north Adriatic they are smaller by around 20 cm and in the Atlantic by up to 28 cm.
Fifty-Year Return Levels From Observations
[38] The 50-year return levels for the sea level observations are mapped in Figure 3a . Sea levels are referenced to the mean value of each tide gauge. The Atlantic stations have return values in excess of 250 cm. By contrast values within the Mediterranean are in general less than 60 cm except in the northern Adriatic Sea where larger values of up to 150 cm can be found. When annual mean sea level is removed from the time series the spatial pattern of the return levels does not change ( Figure 3b and Table S2 in the supplementary material). The differences of return level values between Figures 3a and 3b correspond to the changes in mean sea level during the period of operation.
[39] The return levels for the tidal residuals are shown in Figure 3c and are listed in Table S2 . Extreme tidal residual values are now more consistent between the Mediterranean and the Atlantic sites. In the Atlantic stations the 50-year return levels for the tidal residuals are significantly smaller than those from the observations and vary between 30 and 80 cm. In the Mediterranean Sea 50-year return values are in general less than 50 cm. The largest values are found in the northern Adriatic (Trieste, Koper, Venice, Rovinj with up to 150 cm), while smaller return levels correspond to the Aegean. The same spatial patterns are found when other return periods are used (not shown).
Mapping the Return Levels of Hindcast Data
[40] The 50-year return values have also been estimated from the 2-D model. The GPD has been fitted to the excesses over thresholds at each tide gauge for the period covered by the observations. In addition the same analysis has been applied at each grid point of the hindcast data covering the period 1958 -2001. As before, five extremes per year have been used.
[41] Results for the 50-year return levels of hindcast extremes at the tide gauge sites are mapped in Figure 3d and listed in Table S2 . The highest values of the modeled atmospherically induced sea level are also quoted on Figure 3d and Table 1 . Maximum values in the Atlantic and the Mediterranean Sea, except in the Adriatic Sea, are between 30 and 50 cm. The same range is found for the 50-year return levels.
[42] The hindcast data reproduces extremes of up to 150 cm in Trieste and over 100 cm in other stations in the northern Adriatic. In general the hindcast data provides smaller values than those observed.
[43] Differences between the 50-year return levels obtained from the extremes tidal residuals and from the extremes hindcast data are computed for each tide gauge over their common periods. The differences for each station are plotted in Figure 4 . The x axis in this plot is the station number as it appears in Table 1 . The 50-year return level estimated from the hindcast is within ± 10 cm of the 50-year return levels estimated from the tidal residuals in 40 stations. In thirteen stations the underestimation of the 50-year return levels is between 10 and 20 cm, for five stations the underestimation is between 20 and 30 cm, and in two stations it is in excess of 30 cm but less than 35 cm. The highest differences are found in the Atlantic and in the Adriatic sites. In the Atlantic region it is likely that the nonlinear interaction between tides and surges may play a role in explaining these differences. This point is examined in section 3.4. Pascual et al. [2008] showed that this hindcast data set does not reproduce the meteorologically induced sea level as accurately as in the rest of the domain. This is probably because of the effects of the local winds, which are not well reproduced by the atmospheric downscaling reanalysis [Wakelin and Proctor, 2002] .
[44] The spatial pattern of the 50-year return levels for the Mediterranean Sea estimated from the hindcast output is shown in Figure 5 . A north-south gradient, with higher 50-return levels in the northern Mediterranean and lower values in the southern part can be seen with two exceptions. The Tunisian and the Egyptian coast, show values as high as in the northeastern basin (up to 70 cm).
Tide-Surge Nonlinear Interaction
[45] On the basis of the reasonably good agreement between the extremes hindcast and the extreme tidal residuals for most locations we proceed to assess whether there is significant nonlinear interaction between the tides and the storm surge. If there is not, then joint probability estimates on the basis of a tidal model and the hindcast model can be derived. A standard way of checking whether nonlinear interaction exists is by plotting the distribution of the extreme events with phase of the dominant tidal component at each location. If the same number of extremes occurs in the tidal residual irrespective of the stage of tide then nonlinear interactions are small. Extreme total sea levels are much more likely to occur at or near the high tide. Thus, the number of tidal residual extremes has been plotted against the corresponding phase of the M 2. . Results for two stations, Coruña in the Atlantic and Trieste in the Adriatic Sea, are plotted in Figure 6 . Extremes in the tidal residuals can be found in all tidal phases in both stations (Figures 6a -6b) . The c 2 statistical test has been used to determine whether these distributions are significantly different from a flat distribution with the same number of events for each phase segment. The c 2 statistic is defined as:
Where N i are the number of events per segment and N e is the expected number of events for a flat distribution, that is, N e = Number of events/Number of segments. It is found that whereas in Trieste there is no tide-surge interaction, in Coruña the distribution is significantly different from a flat distribution at the 5% confidence level, thus indicating nonlinear interaction. Among the areas with tide gauge data only in stations located at the Strait of Gibraltar nonlinear interactions were found.
Tide-Surge Probability
[46] Because the nonlinear interaction between tides and surges is negligible in the Mediterranean Sea, the joint probability method can be applied to combine the hindcast data with a tidal model in order to estimate total return levels in the basin. Note however that we have earlier shown that the 50-year return levels of the extreme hindcast data are consistent ±10 cm with the observations in about two thirds of Figure 4 . The 50-year return levels for tidal residuals (top, black) and hindcast data (top, gray) and their difference (bottom). The station number in the x axis is indicated in Table 2 . Figure 5 . The 50-year return levels for each grid point of the hindcast data using five extremes per year. the stations while for the one third the hindcast underestimates the return periods by up to 35 cm (Figure 4) . The major advantage of the combination of a hindcast data set and a tidal model is that it permits an estimation of the return levels in areas where tide gauge observations are not available. In the Mediterranean Sea the geographical distribution of tide gauges is biased toward the northern coasts [Tsimplis and Spencer, 1997 ] (see Figure 1) . Thus, this method is especially useful in the coasts of North Africa. In particular it is important in those areas with larger return levels and where the extreme events may have larger impacts, like the Nile delta.
[47] The probability density function of the extreme hindcast data was determined above by fitting a GPD. In addition the probability density function of the extreme tidal elevations has been computed as the normalized histogram of the tidal series built for the same period covered by the hindcast. Then the JPM has been used to compute the joint probability tides-surges by the convolution of these distributions. The result of the 50-year return levels using the JPM between tides and surges is mapped in Figure 7 . The return levels vary between 20 and 160 cm with largest values of up to 160 cm in the northern Adriatic. Comparable values are also found in the Gulf of Gabes, due to the presence of larger tides. Tsimplis et al. [1995] have shown that a large part of the tidal dissipation within the Mediterranean Sea takes place in this area. Thus the possibility of nonlinear interaction between tides and surges cannot be excluded. This, in turn would mean the possibility of having even higher return levels at these areas.
[48] The north-south gradient observed in the hindcast data set has changed orientation being more across NE-SW axis with the exception of the Adriatic and the Aegean Sea where the change is NW-SE. 
Temporal Variability of Sea Level Extremes
Interannual Variability
[50] Interannual variations of higher-order percentiles are well correlated with mean sea level changes. However, there are some periods when significant differences are noticed. For example, in Coruña (Figure 8a ) during the period 1945 -1970 the higher percentiles display higher variability than mean sea level changes, and during 1980 -1985 sea level extremes show a small decrease while mean sea level remains flat. In Alicante (Figure 8b ) a similar behavior is observed for the period 1980 -1990, when the higher percentiles present a clear upward trend and mean sea level remains unchanged.
[51] Percentiles of observed sea level have been correlated with the large-scale atmospheric circulation pattern dominant in the region: the winter North Atlantic Oscillation (NAO, http://www.cru.uea.ac.uk/cru/data/nao.htm) index. Correlations of 50th and 99.9th percentiles with winter NAO are mapped in Figure 9 and presented in Table 2 where the regression coefficients are also shown. All the correlations plotted are statistically significant at the 5% confidence level. Non significant correlations are mapped as white squares. Correlations of the 50th percentile of the observed sea level with winter NAO vary between À0.3 and À0.6 and are significant everywhere except in Sant Jean de Luz (located in the Bay of Biscay) and Ceuta (in the Strait of Gibraltar) (Figure 9a ). Lower, but still significant values, between À0.3 and À0.5, are found for correlations at the 99.9th percentiles (Figure 9b ). When the median is removed from the 99.9th percentile the correlations of the series with winter NAO become either non significant (in most cases) or very low (À0.2) (Figure 9c ). When the same is done for tidal residuals instead of observations (not shown) the correlations of winter NAO with 99.9th percentiles in the Atlantic and the North Adriatic are either smaller or become nonsignificant.
[52] The regression coefficients between winter NAO and the percentiles (Table 2) indicate that the 99.9% extremes change by about 2 cm/unit NAO. This is a much smaller amount than observed in the southern North Sea where the changes in the wind are responsible for causing changes of about 10 cm/unit NAO [Tsimplis et al., 2005a] .
[53] The correlations between winter NAO index and hindcast data percentiles are mapped in Figures 9d, 9e , and 9f). Results are consistent with those found for the sea level tidal residuals. Higher correlations with up to À0.6 are obtained with the 50th percentile (Figure 9d ). Interannual variability of the 99.9 and 99% percentiles is consistent with mean sea level changes (Figure 9e ). When the median values are removed, correlations decrease everywhere and become non significant at areas of the western Mediterranean and the Atlantic as well as in the Adriatic (Figure 9f ). However, correlation with winter NAO remains for the median corrected percentiles (Figure 9f ) indicating an effect of the NAO in addition to that on the median.
[54] In summary, interannual variations of sea level extremes are driven by changes in mean sea level. A significant part of changes in mean sea level is well correlated with winter NAO index indicating that the major driving mechanism is atmospheric forcing. Thus, temporal variability of sea level extremes is partly explained by the winter NAO index.
Trends in Sea Level Extremes
[55] Linear trends have been estimated for percentile time series of observations at tide gauge sites. Results are mapped in Figure 10 for the 50th and 99.9th percentiles as well as for the subtraction of the 50th percentile time series from the 99.9th, that is, the extremes without the mean sea level change. Linear trends of the 50th percentile vary between À0.5 and 3 mm/a, with higher values in the Atlantic (Figure 10a) and Table 2 . The discrepancies among stations can be partly attributed to the different time periods covered by the records (see Figure 2) . In addition it is also known that Atlantic tide gauge stations display higher sea level trends than nearby Mediterranean records [Marcos and Tsimplis, 2007] . In the Adriatic only Trieste and Dubrovnik show statistically significant trends. Positive trends are found in the 99.9th percentile for the Atlantic stations and Trieste (Figure 10b ). However, after removing the 50th percentile from the 99.9th percentile almost all the trends, except the station in Rovinj, Figure 8 . The 50th, 90th, 95th, 99th, and 99.9th percentiles computed with observations in Coruña, Alicante, and Trieste tide gauge stations. become non significant (Figure 10c ) indicating that trends in extremes are driven by mean sea level changes. The negative trend in Rovinj is caused by increases in mean sea level in the 1960s and the 1990s not accompanied by such large increases in extremes.
[56] Linear trends have also been estimated for the percentiles of the hindcast data covering the period 1958 -2001. Results for the 50th, 99.9th and the subtraction of both are mapped in Figures 10d, 10e, and 10f) . The median atmospherically induced sea level shows trends in the range of À0.2 to À0.6 mm/a (Figure 10d ). This is in agreement with other studies [Tsimplis et al., 2005b; Gomis et al., 2008] who found similar values for mean sea level derived from the same hindcast data. The 99.9th percentile show much stronger negative trends, between À1 and À2.5 mm/a, and significant only in the western basin, the Adriatic and the westernmost part of the eastern basin (Figure 10e ). The strongest negative trends are found in the North Adriatic. When the median value is removed from the 99.9th percentile time series the linear trends are significant only in the middle part of the western basin, with values ranging between À1 and À1.5 mm/a (Figure 10f) .
[57] The subtraction of the hindcast data from the tidal residuals was also examined. These time series in essence contain the discrepancies between the 2-D model and the observations, the nonlinear interaction of tide and surges, any undetected tidal errors and all other oceanographic changes, for example changes in the baroclinic circulation.
[58] The extreme values of these subtracted time series are not negligible. In most cases (63%) they are less than 20 cm. But for specific stations, like Trieste, Koper, Sant Jean de Luz and Cascais they can reach 113, 66, 56 and 53 cm respectively, and between 40 and 50 cm for Coruña, Lagos, Ravenna, Vigo and Zadar. These are the areas where the 2-D model is not successful in modeling the tide-gauge data. Fifty-year return periods of these numbers indicate values of up to 25 cm in general. This should be considered as a measure of the error in most of the domain when using the 2-D model to infer return levels, with the exception where discrepancies between model and observations are higher (Atlantic and Adriatic), in respect of any studies based on running the 2-D model under climate change scenarios.
Summary and Conclusions
[59] Hourly sea level data from 73 tide gauges have been used to investigate the spatial and temporal variability of sea level extremes in southern Europe. A complete view of the distribution of sea level extremes in the region has been obtained by using the largest number of tide gauge records available together with the output of a 2-D model. Higher sea level values are observed in the Atlantic Iberian coasts (up to 250 cm) due to the larger tides in the area. When tides are removed the sea level observations in the Atlantic and in the Figure 10 . Linear trends in (a, b, c) observed and (d, e, f) hindcast of (top) the 50th percentiles, (middle) 99.9th percentile, and (bottom) 99.9 minus 50th percentiles. Only trends statistically significant at the 5% confidence level are plotted.
Mediterranean Sea become consistent with values less than 60 cm, with the exception of the North Adriatic where higher total extremes are found (up to 200cm). The spatial distribution of the extremes of the tidal residuals is reproduced by a 2-D hindcast model. However, for one third of the tide gauges used the hindcast data underestimates the extremes by 10-35 cm. Some of these discrepancies are due to nonlinear interactions between the tides and the storm surges, mainly in the Atlantic, but some occurs in the Adriatic Sea, an area where we do not find significant bias in the distribution of the tidal residual extremes and hindcast extremes caused by the nonlinear interactions. It is possible that this discrepancy is due to the deficient forcing of the 2-D model because the used wind fields do not represent the local winds accurately enough. In other areas the agreement of the extremes between the hindcast and the tidal residuals is within 10 cm. This permits the combination of the tidal and storm surge signal to produce joint probability estimates for the whole basin, thus overcoming to an extent the geographical bias in the distribution of tide gauges toward the northern coasts [Tsimplis and Spencer, 1997 ] (see Figure 1) . The return levels of the combined tidal and surge elevations (through the JPM) display a NE-SW gradient with higher values in the northern coasts and lower in the southern half of the basin. In the Adriatic and the Aegean Seas the reduction is from NW to SE. The largest values of sea level extremes are found in the northern Adriatic and in the Gulf of Gabes (160 cm). For the Atlantic Iberian coasts no joint probability maps are produced because there is clearly nonlinear interaction between the tides and the surges.
[60] The temporal variability of total sea level extremes is examined by means of the time evolution of percentile time series. It has demonstrated that linear trends in total sea level extremes are consistent with trends in mean sea level. Thus no increase in storminess is evident.
[61] The NAO is correlated with the median as well as with the higher-order percentiles of observed sea level. However, some correlation with the 99.9th percentile remains even after the median is removed. This indicates that in addition to a contribution to the mean sea level variability the NAO also contributes in some parts of the Mediterranean to changes in the extremes. This could be due to shifting of the storm tracks and not necessarily to weakening or strengthening of the weather systems.
[62] In conclusion, a significant effort to map and quantify the extremes in sea level and tidal residuals for the Mediterranean has been presented. After removing the tidal signal and the hindcast sea level the resulting extremes were in the range of À3 and 113 cm with 80% of the stations smaller than 30 cm. The 50-year return values are less than 30 cm for 80% of stations, although much higher values (up to 100 cm) can be found in the northern Adriatic.
